Abstract. An experimental procedure is developed to determine the scatter of the macroscopic toughness of brittle materials. First, samples are precracked to obtain a sharp precrack. The toughness is then determined by using a standard three-point flexural test. Digital image correlation is used to analyze displacement fields of cracked samples. Based upon the resolution and the spatial resolution of the measurement technique, a detection criterion is proposed and validated. It allows for an accurate estimate of the crack tip location so that the presence of a crack and its size at arrest can be monitored. As an example, the toughness distribution of 18 samples made of silicon carbide is evaluated. By using a simple macro-micro transition, an analysis of the scatter in toughness is related to that in strength for the material with no macrocracks.
Introduction
Fracture toughness is used extensively to design fracture-safe structures. Test methods that measure fracture toughness of materials are necessary for reliable design and accurate failure analysis. For brittle materials, different techniques can be used [1, 2] . One key aspect is related to the creation of a sharp (pre)crack in the material. Various procedures use notches made by a diamond saw, cracks propagating from prenotches or indentation cracks for ceramics [3] [4] [5] 2] . For example, the SENB (i.e., single-edge notched beam) technique uses prenotched beams and the toughness associated with a notch may differ from that of a sharp crack [6] .
To evaluate the fracture toughness of a brittle material (e.g., a silicon carbide ceramic), a sandwiched-beam precracking technique may be used [7] [8] [9] . This type of experimental set-up allows one to initiate a crack that does not propagate across the whole sample. However, the arrest conditions are strongly dependent upon the friction between the beams, their flexural rigidities, the notch geometry as well as the variations of material properties around the notch. Furthermore, it will be shown that the load displacement curve has no precise signature corresponding to the onset of crack propagation. To control precracking of the tested beam, it is proposed to monitor the precrack size by using a displacement field measured by digital image correlation.
Vision-based techniques have been utilized to analyze cracks in homo-
geneous and heterogeneous materials [10] . For instance, crack tip opening angles [11] or crack tip opening displacements [12] can be measured with a very good accuracy by means of digital image correlation. In most of the ¡ to whom correspondence should be addressed. Fax: +33 1 47 40 22 40.
PFYCLRFH_rev.tex; 15/11/2003; 10:58; p.2 experiments reported, a random pattern was sprayed and the crack was visible on the pictures. In the present case, no surface preparation is used and the crack is not visible. Consequently, there is a need to devise a detection criterion that can be used during a precracking experiment and only be checked a posteriori on a fractured surface. To achieve a good spatial resolution, a far-field (or long-distance) microscope is used to get access to the onset and arrest of crack propagation from a notch. Section 2 introduces the experimental procedure used to measure the toughness of brittle materials. A sandwiched-beam technique is first used to precrack a notched beam. It is followed by a three-point flexural test on the precracked sample to determine the toughness of the tested specimen. The previous procedure is applied to a silicon carbide ceramic in Section 3. To determine the onset of cracking, a Digital Image Correlation (DIC) technique is used to measure the displacement field. It is shown that, in the present case, it is the only reliable way. A criterion for the location of the crack tip is proposed and validated in a 'blind' configuration for which no other way exists to locate the crack tip. In Section 4, the scatter of the macroscopic toughness is determined by means of a Weibull distribution. By using a simple macromicro transition, it is shown that classical Weibull parameters related to the variation of strength can be related to toughness variations as well as flaw size distributions within the material.
Experimental Procedure
To analyze the toughness scatter, the proposed experimental procedure is divided into two parts. First, a notched sample is precracked by using a sandwichedbeam technique. To monitor the crack tip, the displacement field is determined by using a digital image correlation technique. Second, the precracked sample is subjected to a three-point flexural test to evaluate the toughness.
By repeating the experiments and by carefully minimizing the experimental uncertainties, an analysis of the toughness scatter can be performed.
SANDWICHED-BEAM TECHNIQUE FOR PRECRACKING
The principle of an SB test consists in inserting a notched bar (N) between two steel bars (A and B, see Fig. 1 -a). The sandwich assembly is then loaded in three-point flexure. If P denotes the applied load and L the outer span, the moment M N in the notched beam is expressed as
where
are the flexural rigidities of the three beams, E the Young's modulus and I the moment of inertia. By using this approach, the notched beam N can be considered as being loaded in three-point flexure by
so that the stress intensity factor can be evaluated as
where the function η depends on the normalized crack size α ¢ a¨w N and span L¨w N [13] , w N is the height of the notched beam and b N the corresponding width ( Fig. 1-a) . 
The stress σ 11 is very close to that observed in three-point flexure. The average stress field σ 22 shows that contact is likely to occur over the whole surface even though the Young's modulus of the notched bar is greater than that of the two outer beams.
From the FE computations, one can determine the stress intensity factor.
The mesh used was first validated on a precracked beam for which a wellknown expression exists for the stress intensity factor [13] . Numerically, the latter is evaluated by using the J-integral or the square-root dependence of the displacement field. Both methods yield errors less than 2% when compared to Eqn. (3). The same numerical techniques are used in the SB configuration. detect the onset of cracking. By acquiring pictures at each load level and using a charge-coupled device (CCD) camera, it is possible to determine the in-plane displacement field by matching different zones of two pictures [12] .
The simplest image-matching procedure is cross-correlation, which can be performed either in the physical space [14, 15] or in Fourier space [16] [17] [18] .
It consists in looking for the maximum correlation between small zones in the 'deformed' and reference images. 
THREE-POINT FLEXURE FOR TOUGHNESS MEASUREMENTS
Once the sample is precracked, the experiment is stopped. The two beams are removed and the sample is repositioned in the setup by following the same procedure as before. By knowing the crack size a (by optical microscopy of the fractured surface) and the maximum load level P c (recorded during the experiment), one can determine the corresponding toughness
If this type of procedure is repeated, one can study the scatter in toughness. It is believed that the numerous experimental precautions enable us to minimize the scatter related to all the handling of the sample and more specifically the position of its axis with respect to that of the testing machine. It can be noted that this type of procedure is applicable to any brittle material, pro-vided the size of the sample is consistent with that of the underlying material microstructure.
Application to a Silicon Carbide Ceramic
The previous experimental procedure is now used to analyze the toughness scatter of silicon carbide samples. are added to improve sintering. The porosity was evaluated by Riou [21] and is of the order of 1.8%. The average grain size is equal to 5 µm. The microstructure of the ceramic also induces important consequences regarding 3-point flexural tests. The behavior of ceramics under 'tensile' loading is elastic, brittle and scattered in terms of ultimate failure load. Flaws initiating failure were identified. These flaws are found by following hackles generated by transgranular fracture and by looking for the mirror zone that surrounds the flaw. The flaws generally observed are sintering defects (Fig. 4) , the size of which can be sub-micrometric and as high as a few tens of micrometers.
The typical size of the microstructure is micrometric. Therefore, when artificial cracks are at least of millimetric size, a macroscopic evaluation of the stress intensity factor can be performed. The results derived in Section 2 can be used. The measurements performed herein correspond to macroscopic evaluations of the toughness and its scatter.
DETECTION OF THE CRACK TIP LOCATION BY DIC
One way of determining the onset of propagation is to monitor the load level as a function of the loading parameter (e.g., the crosshead displacement or time). An alternative route consists in observing one of the lateral surfaces of the beam by using a long-distance microscope (QUESTAR QM100). This is made possible by the hole drilled in the support arm (Fig. 3) . The main advantage is that a microscopic resolution can be achieved from a longer distance than conventional microscopes. It allows the user to work at distances of 15 cm to 35 cm from the surface of interest. Values as small as 1.1 µm separation can be resolved at 15 cm from the surface. This type of technique was successfully used to detect the crack tip in a 2024-T3 aluminum alloy with an artificial pattern [11, 12] . A brightfield illumination is used in the present case and no special sample preparation is needed. At these magnification levels, the surface roughness provides enough variations so that speckles appear. Figure 5 -b shows a picture taken when the load drop was observed.
No crack is visible even with the highest magnification. is probably related to the same event.
DETECTION CRITERION
The location of the crack tip requires the user to choose a detection criterion. This is not an easy task since the displacement contours depend on the magnitude of the displacement. Figure 7 shows u 1 -displacement contours using two different displacement ranges for the same average displacement.
The first step of the analysis consists in evaluating the resolution of the DIC technique. This is performed by using the reference picture of the experiment and prescribing artificially a sub-pixel displacement, here in the (horizontal) 1-direction since the crack is oriented preferentially along the (vertical) 2-direction. A linear interpolation is used to evaluate the pixel graylevel of the perturbed case. Figure 8 compares the displacement evaluations for different sizes of the interrogation window. The shift between two neighboring centers is identical to the length of a window so that there is no overlapping.
The higher the window size, the more accurate the displacement evaluation.
However, the displacement field is less resolved spatially. In the present case, a good compromise is given by a size equal to 32 32 pixels for which an RMS resolution less than 0.045 pixel is obtained (a 64 64 pixel ZOI has an RMS resolution less than 0.033 pixel). A shift between two consecutive ZOIs equal to 16 pixels is chosen. Based upon the previous study, a displacement range is set at 0.1 pixel, which is a good compromise between the displacement resolution and the spatial location of the crack tip. With the use of a long-distance microscope, 1 pixel corresponds to 1.85 µm and a crack opening of the order of 80 nm can be measured with a good accuracy. Figure 9 -a shows that the contours of the displacements perpendicular to the crack face are horizontal when the crack tip is above the considered line. This is confirmed by FE computations shown in Fig. 9 -b. Consequently, it is proposed to detect the crack tip by looking at the contours of u 1 -displacements and finding the point where they are no longer parallel to the 1-direction. To detect a crack (i.e., a discontinuity in the displacement field), the minimum distance between two measurement points has to be equal to the size of the ZOI (e.g., 32 pixels) so that no overlapping occurs augmented by one shift (e.g., 16 pixels) between two neighboring centers to avoid that the crack mouths are within the considered ZOIs. In terms of crack tip location, let us use the classical plane stress solution expressing the near tip displacement field when the stress intensity factor is equal to the toughness K c . Under these assumptions, the displacement discontinuity δ 1 in the 1-direction is given by
where d 1¨2 is the minimum horizontal distance of two symmetric points with respect to the crack tip (e.g., 32 + 16 pixels or 90 µm in the present case), is obtained. Therefore, the relevant crack sizes to consider is millimetric (i.e., macroscopic) so that the relative length error ∆a¨a is less than 3% so that the relative toughness error ∆K c¨Kc induced by an error in crack location is less than 1.5% by using the present technique. This analysis shows that DIC is a viable way of locating a crack when no other means are at hand. The square root dependence of the displacement field [Eqn. (7)] allows for a precise location of the crack tip with a sub-pixel correlation algorithm (Fig. 9) .
Following precracking experiments, the samples are loaded in a clas- By increasing the displacement range, an evaluation of the COD is carried out. Figure 10 shows the contours allowing for the crack location. From this first analysis, the displacement range is quadrupled ( Fig. 11-a) and at a This information can also be used to evaluate the crack tip location and the stress intensity factor. By using the classical expression for the COD
" under a plane stress condition,
where r is the distance of the current point with respect to the crack tip, a value It can be noted that the position is determined with a similar accuracy as with the previous technique.
Last, when the sample is broken, the analysis of the fractured surface, allows us to fully validate the detection criterion. Figure 12 compares the evaluated crack length at the end of the precracking experiment (i.e., There is a small underestimation that is in agreement with the a priori predictions. The detection criterion is considered to be validated and is now used to study the toughness of SiC-100.
Toughness Scatter of SiC-100
In the present section, the toughness scatter is analyzed and then related to that observed with a classical Weibull model written in terms of strength.
STATISTICAL ANALYSIS
Thanks to all the tests performed in the previous section, it can be stated that the scatter induced by whole experimental procedure is minimal, and if there exists a scatter in toughness values, it is likely to be representative of the material containing sharp millimetric (i.e., macroscopic) cracks. 18 different experiments were performed and the toughness values are put in ascending order so that for the i-th value, the cumulative probability P i is expressed as
where N is the total number of experiments. If the cumulative probability P i is modeled by a Weibull law [22] , it is convenient to plot the results in a socalled Weibull plot [23] in which the abscissa is the natural logarithm of the toughness and the ordinate is ln
so that the slope is the Weibull modulus n and the intercept is the scale parameter K 0 (Fig. 13) of the best fit
In the present experiments, the Weibull parameters are n 
where Γ is the Euler (gamma) function of the second kind [24] . The average found here is in good agreement with values reported by Merkel and
Messerschmidt [25] , and Riou [21] . The corresponding standard deviation K c is given by
The coefficient of variation K c¨Kc is of the order of 5% so that the onepercent resolution on the toughness measurements is needed in the present case.
MACRO-MICRO TRANSITION
In the following, a simple macro-micro transition is performed when considering the toughness distribution. Even though the macroscopic toughness can be the result of weak or strong pinning regimes [26] [27] [28] [29] , it is assumed, as a first approximation, that the toughness distribution at the scale of the sintering flaws is identical to the one measured for macroscopic cracks. For a brittle ceramic with no macroscopic cracks, its failure is caused by sintering defects (Fig. 4) , which are randomly distributed. The latter are modeled as cracks of radius a perpendicular to the local maximum principal stress direction (i.e., the considered equivalent stress σ4 is the maximum principal stress). The stress intensity factor K of these microscopic cracks is written as
where Y is a dimensionless parameter accounting for the approximation of the defect geometry as well as the fact that the grain size (i.e., 5 µm) is only slightly less than the typical sintering flaw size (i.e., 15 µm). For the considered SiC-100 ceramic, the average failure stress in three-point flexure is equal to 370 MPa (Table I) h is approximated by a power law function for large sizes (i.e., the weakest
where p, κ and a 0 are material-dependent parameters. Since the flaw distribution is only described for large sizes [Eqn. (15) ], the integration of Eqn. (14) is first performed with respect to the flaw size a, and then the toughness K c so that a first order solution is given by . Within the framework of the weakest link statistics [31] , the failure probability P F of a domain Ω can be expressed as a
where 1¨λ 0 is the volume of the domain Ω 0 . When combined with Eqn. (17), Eqn. (16) corresponds to a Weibull law [23] in terms of strength, where the Weibull modulus m is equal to 2
Equation (18) I n (i.e., the scatter in failure stress is more important than that in toughness), Eqns. (16) and (18) show that the scatter in terms of failure stress is dominated by that relative to the defect size distribution. The toughness scatter induces corrections by the presence of the Γ function, which is defined as long as n m 0.
The mechanical properties of SiC-100 ceramics are reported in Table I .
The presence of sintering flaws induces a low average failure strength and a low Weibull modulus m. Consequently, the case m I n applies and for the SiC-100 ceramic studied herein, the scatter in strength is dominated by that associated with the flaw size distribution of sintering defects.
Summary
An experimental procedure was developed to analyze the macroscopic toughness of a brittle material. A precracking set-up was designed to allow for optical observations during the experiment so that the onset and arrest of cracking can be monitored by using digital image correlation. The latter is the only means, in the present case, to accurately determine the load level at propagation inception thanks to the sub-pixel resolution of the technique.
Coupled with a long-distance microscope, the resolution in displacement is of the order of 60 nm for an 8-bit CCD camera. Based on an FFT correlation algorithm, the computation time is less than one minute on a standard PC, thereby enabling for quasi-real time evaluations of displacement fields.
Crack detection, as well as crack propagation and location are also made possible. By using the proposed detection criterion, the crack location can be determined within a range of 30 µm when used in the analysis of the toughness of a silicon carbide ceramic for which it can be evaluated with an accuracy of 3 10 2 MPa# m. This resolution allows us to conclude that the macroscopic toughness distribution is scattered with a Weibull modulus at least equal to 24.
By using the macroscopic toughness distribution, and assuming that it is representative of the scatter at the scale of the defects leading to the failure of SiC ceramics, it is shown that the scatter in failure stress is dominated by that of the defect size distribution as opposed to that of the toughness because the Weibull modulus of the toughness distribution is greater than that of the failure stresses. This analysis also shows that, in the presence of a double source of scatter (namely, defect size and toughness distributions), the only knowledge of the strength Weibull parameters gives statistical indications on the most scattered of the two populations. This first analysis may be completed by other micro/macro toughness transitions (see, e.g., Refs. [29, 32] ) to account for toughness scatter at the scale of the defects leading to the failure.
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